The effects of Cd"+ on putrescine (Put), spermidine (Spd), and spermine (Spm) titers were studied in oat and bean leaves. Treatment with Cd2"
'Abbreviations: Put, putrescine; PAs, polyamines; Spd, spermidine; Spm, spermine; Dap, 1,3-diaminopropane; Unk, unknown; PCA, perchloric acid; PLP, pyridoxal-5'-phosphate; ADC, arginine decarboxylase; ODC, ornithine decarboxylase; DFMA, DL-a-difluoromethylarginine; SAM, S-adenosylmethionine. mulates due to deposition from the atmosphere, from phosphate fertilizers, and from sewage sludge (13, 14) .
The purpose of this paper is to establish the relationship of Cd accumulation to putrescine titer and to describe some of the metabolic changes in the pattern of PA biosynthesis in plants caused by Cd administration.
MATERIALS AND METHODS Plant Materials. Avena sativa L. cv Victory (The General Swedish Seed Co., Svalov, Sweden) and Phaseolus vulgaris L. cv Pinto (Haney Seed Co., Twin Falls, ID) were used in all experiments. Except in dose-response studies, seeds were germinated and grown in a controlled-environment growth room in plastic dishes containing washed coarse-grade vermiculite and subirrigated twice daily with a 1.2 g/L solution of Hyponex (7-6-19; Hydroponics Chemical Co., Copley, OH). Plants were grown under a 16-h photoperiod provided by fluorescent and incandescent lights with an energy level of about 200 uE s-' m-2. For dose-response studies, oat seeds were germinated and grown in peat-vermiculite (Cornell mix plus "A" [1] ) in a temperaturecontrolled greenhouse at 25/18°C day/night temperatures, a photoperiod under sunlight or high pressure sodium vapor lamps of 16 h and a light intensity of about 700 AE s-' m-2 or higher.
Conditions of Treatment. Bean leaf discs, 14 mm in diameter, were removed with a cork borer from the first trifoliolate leaf on both sides of the main vein from 10-to 12-d-old plants. Six discs were floated, abaxial side down, in Petri dishes containing 20 ml of 1 mm K-phosphate (pH 5.8) with or without added CdCl2. In oats, the lower epidermis was removed from excised first leaves (11) . Six to eight medial sections (50 mm each) were randomly selected and floated peeled side down on 1 mm K-phosphate (pH 5.8). Cd2+ concentrations ranging from 0.01 to 0.25 mm were used in a dose-response study, and based on the responses measured, 0.1 mm Cd2+ was used for other experiments. Treatment times varied from 1 to 16 h. Triplicate samples were harvested for measuring PA titer or enzyme activity, and each experiment was repeated at least once. Representative data are presented in the tables.
A dose-response study was conducted by exposing intact oat plants to several concentrations of CdCl2. Eleven-d-old seedlings were transferred from Cornell mix to half-strength Hoagland solution. After 2 d, the nutrient solution was replaced with fresh solution containing 0, 0.1, 0.5, 1, 5, and 10 mM CdCl2. After 24 h of exposure, triplicate samples, each containing six first leaves, were harvested.
At harvest, leaf samples were rinsed three times in glassdistilled H20 and either frozen and stored in liquid N2 or processed immediately. Where DFMA or Put were added, they were incorporated into the floating buffer solution or in the enzyme reaction mixture at a concentration of 0.1 mM. (15, 16) . Preliminary assays for ODC in oat using 100 mM Tris (pH 8.0) showed enzyme activity no greater than that obtained in phosphate buffer.
The enzyme assays were carried out as described earlier (1 1 (Table III) (5, 17) . The results presented were achieved with concentrations of 'available' Cd often present in only mildly polluted environments. About 1 ppm (0.01 mM) Cd2" in the floating buffer for only 16 h significantly increased the Put titer in oat leafsegments (Table I) . Similarly, about 10 ppm (0.10 mM) Cd2" added to nutrient culture for 24 h resulted in about the same Put accumulation in leaftissues of intact seedlings (Table II) , demonstrating that the two systems gave comparable results. Although the concentrations used in leaf segments and intact seedlings are somewhat higher than those normally associated with polluted soils (3, 6, (12) (13) (14) , the ADC reaction mixture or to oat segments on floating buffer, both of which nearly completely inhibited ADC activity and Put accumulation but had no effect on ODC activity (Table III) . The decrease in Put titer by DFMA was also accompanied by a decrease in Spd and Spm. This suggests that Spd and Spm synthase activities were reduced either by direct inhibition from accumulated Put (4), or because the concentration of Put was below the Km for the enzyme (5) . It was recently found that osmotic stress induced an increase in Put titer and a decrease is Spd synthase in oat leaves (22) . Inhibition ofSpd or Spm synthase activities by accumulated Put could account for the modest increase in ADC activity found.
Cd24-induced accumulation ofPut in Pinto bean leafdiscs was less pronounced than in oat leaf segments, perhaps because of a lower uptake of Cd24 by unpeeled bean leafdiscs. In both species, Spd and Spm were relatively unresponsive to Cd24 administra-tion, as they are to other stress stimuli (19, 23) . In bean also, soluble conjugated Put increased proportionately with soluble free Put, suggesting that the synthetic pathways for Put-containing conjugates also responded to Cd2" treatment. This was not the case, however, for Spd-containing conjugates. Evidence that PA conjugates may serve as a storage form of PAs and may exchange with free PA pools has been presented (15, 16) .
